The dynamic transient responses of a simply-supported Timoshenko beam subjected to an impact force are investigated by two theoretical approaches -ray and normal mode methods. The mathematical methodology proposed in this study for the ray method enable us to construct the solution for the interior source problem and to extend to solve the complicated problem for the multi span of the Timoshenko beam. Numerical results based on these two approaches are compared. The comparison in this study indicates that the normal mode method is more computationally efficient than the ray method except for very short time after the impact. The long-time transient responses are easily calculated using the normal mode method. It is shown that the average long-time transient response converges to the corresponding static value. The Timoshenko beam theory is more accurate than the Bernoulli-Euler beam theory because it includes shear and rotary inertia. This study also provides the slender ratio for which the Bernoulli-Euler beam can be used for the transient-response analysis of the displacement. Moreover, the resonant frequencies obtained from finite element calculation based on the three-dimensional model are compared with the results calculated using the Timoshenko beam and Bernoulli-Euler beam theories. It is noted in this study that the resonant frequency can be accurately determined by the Timoshenko beam theory if the slender ratio is larger than 100, and by the Bernoulli-Euler beam theory if the slender ratio is larger than 400.
Introduction
Beams are one of the most basic structural elements. Research on beams not only gives deeper insight into more complex structures but also provides a basis for vibration control (Chao et al., 2007; Flotow, 1986; Hernandez and Otarola, 2009; Mei, 2009; Nagem et al., 1989) . Among the various beam models, the Bernoulli-Euler beam (classical beam) theory, which only takes the bending effect into account, is the most widely used, but it overestimates the natural frequencies and has no upper bound for the wave velocity. Furthermore, the Bernoulli-Euler beam theory provides good results for slender beams but not for thick beams. Timoshenko (1921 Timoshenko ( , 1922 proposed an extension to the Bernoulli-Euler beam theory that includes the shear effect and the rotary inertia. As a result, the Timoshenko beam theory not only has an upper bound for velocity but also agrees well with the natural frequencies and mode shapes of the exact two-dimensional theory (Fung, 1965; Graff, 1973; Labuschagne et al., 2009) . Therefore, the Timoshenko beam theory is more appropriate for analyzing the transient response in situations involving high vibration frequencies and thick beams.
Two main theoretical approaches for solving the Timoshenko beam problem have been developed in the literature. One is the Laplace transform method, which results in a ray solution. Uflyand (1948) was the first to employ the Laplace transform to treat transient responses using the Timoshenko beam method. However, the boundary conditions he used were incorrect and were modified by Dengler et al. (1951) . Miklowitz and Calif (1953) pointed out the difficulty in analyzing finite beam transient problems with boundary conditions containing an odd and an even derivative by the Laplace transform method. Boley and Chao (1955) considered semi-infinite beams under four different boundary conditions. Su and Pao (1992) applied three different Laplace inverse methods to obtain the transient responses of beams. Ortner and Wagner (1996) utilized the Timoshenko beam operator to solve the initial boundary-value problem of the semi-infinite simply supported beam. Usuki and Maki (2003) proposed a theoretical transient analysis of beams that added the warping effect to the Timoshenko beam theory. The Laplace transform method can evaluate the dynamic motion most accurately; thus, we can use the result obtained from the Laplace transform method as a standard for other approximation methods. However, the derivation of the Laplace inverse transform is cumbersome, and its numerical 0020-7683/$ -see front matter Ó 2010 Elsevier Ltd. All rights reserved. doi:10.1016/j.ijsolstr.2010.10.021
